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SUMMARY

The smooth continuum of white radiation produced by a 160 kV generator has been

combined with Energy Dispersive X-Ray Diffraction (EDXRD) and a Drickamer-type cell

for high pressure studies. The theory of EDXRD is briefly reviewed and the advantages

of the technique, high penetration and improved resolution, are discussed. The results of

measurements of the compressibility of TiB up to 80 kbar are reported.

The technique developed has also been used with the high energy radiation produced

by the UK Synchrotron Radiation Source Wiggler. A simple diffractometer. designed and

built for energy dispersive diffraction of such radiation is described. Results of measure-

ments of the compressibility of TiB2 up to 130 kbar are presented.
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1 - Introduction

In Energy Dispersive X-ray Diffraction (EDXRD) the energy distribution of the pho-

tons diffracted at a fixed scattering angle 20 by a sample placed in a collimated polychro-

matic beam of X-rays is analysed by an energy sensitive semiconductor detector.

The use of high energy radiation improves both the resolution achievable with the

technique and its sensitivity to changes in lattice parameters. It also enables measurements

to be made on thick samples and when a high penetration is required.

In the work reported here. we have combined EDXRD. high energy X-rays and a

Drickamer-type high pressure cell to measure the equations of state of TiB and TiB 2. The

cell was specially designed and built for X-ray diffraction experiments with large samples

and within the range of 0 to 200 kbar. It uses two opposed tungsten carbide anvils enclosed

in steel supports. This design only allows very small windows for the X-ray beams and

therefore prevents the use of angular scanning techniques, EDXRD. which uses a fixed

geometry, is thus ideally suited to that type of cell. The second feature of such a cell is

that the sample is surrounded by several millimetres of packing material which have to be

traversed by the X-ray beams. The use of high energy X-rays is therefore essential.

A high voltage generator was used for the measurements of the compressibility of

TiB. whilst the radiation produced by the WIGGLER of the U.K. Synchrotron Radiation

Source (SRS) was used for the other measutements.

2 - The Theory of EDXRD

The basic equation of EDXRD is

l'dsin 0 . co,..fint,. (I

where E is the energy of the X-rays. d the separation of the atomic planes within the

sample and 0 the Bragg angle. If ' is expressed in kel/ and d in A. the rot.stnnl has the

value of 6.19926.

With a white (polychromatic) beam of X-rays incident on a powder sample. expres-

sion (1) shows that for a fixed value of 20 discreet values of d will produce reflec-tions in an

energy spectrum collected by an energy sensitive detector. This is the principle of EDXRD.



When there are no sample effects causing broadening, the profile of a reflection is

the convolution of the profiles of the detector response and that due to the geometry of the

collimation system. If both profiles are Gaussian. as in the work reported here. the total

Full Width at Half Maximum (FWHM) of a reflection AET is given by

AEr = [k, + kE + k.3E2} '1, (2)

where

kI = AEl, and k2 = 5.5461 ( (3)

are the detector constants and

k.3 = (cot OAO)2 (4)

the geometrical constant. AE,,-,, is the contribution caused by electronic and leakage

noises in the preamplifier and the detector respectively, ( is the average energy required

for creating an electron-hole pair in the semiconductor crystal of the detector (2.96 eV for

germanium). F the Fano factor, reflecting the statistical nature of the processes by which

a photon deposits its energy E within the crystal. and , the divergence of the collimation

system.

3 - Main Features and Advantages of Using High Energy X-Rays

The high voltage generator acquired for this work is manufactured in the U.K. by

Pantak Ltd. It has an X-ray tube which can be run up to 160 kV with a maximum electron

power loading of 750 W on an effective source size of 0.4 mm x 0.4 mm. Although it

is manufactured exclusively for radiographic work. its high brightness makes it a useful

tool for diffraction experiments. With a molybdenum target (K., and K,, lines at 17.4 and

19.6 keV respectively), it produces an extremely smooth spectrum with a useful range of

X-ray energies of 20 to 140 kV when operated at 150 kV With a tungsten target. the

inconvenience of having the characteristic K., and K,. lines at approximately 60 keV is

minimal and can even be an asset in some cases as we sha.l see later in Section 4.3.

The main advantages of this new source, which produces a smooth spectrum of

highly penetrating radiation over a wide energy range, are given below in the context of

EDXRD.

i . . . .
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3.1 - A Large Dynamic Range

One of the most important parameters in EDXRD is the dynamic range ER/AED.

which is the range of photon energies in the spectrum , ER. divided by the energy resolution

of the detector AED. This ratio essentially determines the theoretical maximum number

of reflections which can be resolved, and hence its importance. For the detectors used in

this work AED was approximately 320 eV at 25 keV and 460 eV at 75 keV . thus giving

dynamic ranges of approximately 150 for a 50 kV generator compared with 300 for the

generator used here.

3.2 - High Penetration

The Ile penetration depth (given by lit 1) of 20 keV X-rays in most materials

(atomic number > 20) is less than 0.1 mm. By using higher energy X-rays it can be

increased to 1 mm for iron at 60 keV for example and several millimetres at 100 keV, The

advantages of a much higher penetration are that it enables measurements to made deep

inside thick samples or. alternatively, from small samples surrounded by packing material

as in the high pressure cell described in Section 4.2.

3.3 - Sensitivity to Lattice Parameter Changes

For a given fractional change in the lattice parameter of the material, induced by

a change in pressure, temperature or the presence of a residual strain for example. the

'relative ' change in lattice parameter Zd/d is related to the relative change in energy

AE/E through the expression
Ad A E-

d L

obtained by differentiating (1) whilst keeping 0 constant. This shows that in EDXRD a

given value of Ad/d causes the largest shifts in the positions of the reflections at high

energies. The condition expressed by (5) is obviously also valid for adjacent reflections

corresponding to d-spacings separated by Ad. Their separation AE will be largest at high

energies. This increase in the sensitivity of measurements of lattice paramenter changes at

high values of E is an important advantage of this technique which will be exploited here.

A
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3.4 - The Relative Energy Width

The expiession for the relative FWHM of a reflection LET/E. obtained by dividing

expression (2) by E. is

AEki k2 : 3 1/2
ETIE = - --, +k (6)

This expression shows that the relative energy widths of the reflections will decrease with

increasing energy, as k i . k 2 and k 3 are all positive (Section 2). and thus the resolution

will increase. This is a potentially important advantage of using high energy X-rays. but in

order to exploit it fully, it needs to be looked at in wider context as we shall now see.

3.5 - Optimum Resolution and Choice of Geometry

The resolution is the ability to separate two peaks with widths AET and a distance

dE apart, and in practice it is strongly dependent on k:,. that is on the experimental

geometry. Once a detector has been acquired k, and k2 are fixed (Section 2). but k2 .

which is equal to (cot OA0)' may be adjusted to give the optimum resolution within the

constraints of the experiment. Various techniques can be used to choose the values of 0

and A#. They are not straight forward and rarely do they give a clear-cut answer.

The widths of the reflections can be kept low by reducing the geometrical broadening.

This may be achieved by working at high angles of diffraction, to reduce the magnitude of

cot 0. at low energies and with small beam divergences. The latter is dependent on the

size and brightness of the source, whilst the others conflict with the feature discussed in

Section 3.3. that is a larger separation between adjacent peaks at high energies and thus

low angles of diffraction. If we choose the condition for resolution to be

bEFIV10 ". -\E, (7)

where 6 EFWHAM is the mean width of two adjacent reflections separated by ./ E'. then if

the sample has a high enough crystalline symmetry, the resolution will be adequate at all

values of 0 larger than a few degrees.

This is illustrated in Figure 1 where the quantity ANE/ 6 EFwIHM is plotted as a

function of 0 for the first 9 reflections in the spectrum of silicon. In each case 6EFw/,xt and
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Bragg angle 0 (diegrees)

Figure I Calculated resolution for the spectrum of silicon. A E is the separation of

a pair of reflections. 6EFWHAI their mean width

AE are the mean width and separation. respectively. of two adjacent reflections expressed

on the energy scale. Tile values of bEFV%'11A were calculated using expression (2) and the

values of k l , k2 and k:, applying to tihe experimental conditions described in the Section

5.1. The curves show that although the function has a maximum of approximately 31 at 7'"

for the 111l-220pair and 4 at 11 ' for tihe 422-333pair. its value is larger than I for all values

of 0 greater than 2' and decreases at values of 0 larger than approximately 12'" degrees.

This approach demonstrates that with the kind of collimation achievable in a conventional

laboratory setup, the choice of 0 and AO is not straight forward. In the work presented

here the value of AO was fixed to 5 , 10I : radianls by the source size and tihe need to

place the sample reasonably near the source as tihe hligh voltage generator does not have

a very high brightness. With the kind of resolution achievable with synchrotror, radiation

(AO " - 10- ' radians) the maxima are very sharp and occur at approximately 5" and in this

case the choice is straight forward.

In the light of the above discussion. it can be seen that the final value chosen for

20 has to be a compromise between resolution and intensity. It needs to be made in



consideration of the symmetry of the material studied and is therefore best investigated

experimentally. This approach was adopted in the work reported here.

4 - Experimental Setup and Technique

4.1 - The Diffractometer Arrangement

As the high voltage generator was built for radiography work, the shielding of its

X-ray tube was not suitable for standard laboratory use in the proximity of an experimenter

or detector. The tube was therefore enclosed in a brass cylinder lined with 8 mill thick lead

and attached to the simple experimental setup shown in Figure 2

The first stage of tile collimation system consisted of a tungsten plug screwed into

the wall of the tube shielding and limiting the vertical divergence of the incident beam.

The horizontal divergences of the incident and diffracted beams were limited by 10 cm long

blocks of molybdenum inserted into stainless steel supports. These molybdenum 'parallels "

had finely ground surfaces separated by 0.2 mill spacers. The first set of parallels was fixed

to the tube housing, whilst the second set was mounted on a low accuracy rotary table in

order to facilitate the setting of the scattering angle. Both sets of parallels could be finely

rotated in the plane of diffraction and translated in a direction perpendicular to the X-ray

beams to facilitate the alignment of the diffractometer system.

The vertical divergence of the diffracted beam was limited by a set of 5 cm long

Soller slits. They consisted of 20 strips of 0.15 mm thick molybdenum mounted between

two blocks of brass at a pitch of 0.7 mm. At the small scattering angles required by high

energy X-rays. the curvature of the cone of diffraction is very high and Soller slits are

indispensable. The use of molybdenum for the parallels an(I Soller slits ensured that the

effective collimation did not vary with energy. Safe shielding was achieved by enclosing tie

complete collimation system in a simple double-walled castle made of 3 mm thick lead

4.2 - The High Pressure Cell

The high pressure cell is shown in Figure 3. Its dimensions and details of its

components are given in the diagram of Figure 4. The polycrystalline sample is placed
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Figure 3 The Drickamer-type high pressure cell used for our measurements.

The windows for the direct and diffracted beams are machined for 20 -8" . Pressure

is applied onto the 12.7 mm tungsten carbide anvils using a 12 cm diameter steel piston

An oil pressure of 7,000 psi generates a final pressure of approximately 130 kbar across

a 0.25 mm thick sample located at the center of the anvils

in a small hole at the centre of the disc of packing which acts as a pressure vessel. The

pressure is applied by compressing the disc between two tungsten carbide anvils supported

by tight fitting tapered cylinders machined from tool steel.

In the design used here the anvils are tapered with a small flat 2 mm in diameter at

their centre and the packing is contained within a doubly tapered ring of tool steel (Figure

4). When the pressure is applied, the centre is compressed much more than the taper. The

pressure across the flat is approximately constant whilst a pressure gradient exists between

the edge of the flat and the outside edge of the anvils. The greater the taper, the higher

the gradient and thus the higher the maximum pressure at the centre. but also the higher

the tendency for the sample to extrude from the centre flat. In the present design. we have

optimised both these conflicting factors by reducing extrusion using a small initial taper of
6' and increasing the containment pressure of this central ring by a second taper of 20".

The basic principles used in this design are those of 'massive support ' and "cells within a

ce/l'. Both can be understood by visualising the central part of the cell as an assembly of

concentric cylinders within which each cylinder with radius r contains its neighbour with



12

21 r.

40m

\ ~ ~~12.7 ma.' to te

2 - mlaraqing steel

-g --. - -- ' __

• ' tungsten ,.

carbld. jake
• anvil \

,sup\ t .

Figure 4 Diagram of the high pressure cell. The section is through the axis of the

cell The windows are offset by 8" with respect to one another in the plane perpendicular
to that of the diagram

radius (r - 6r). In the case of the anvils, this process prevents them from breaking under

the very high pressure existing in their centres. This is the principle of 'massive support *

The packing also participates in this process by supporting the anvils along the tapers The

packing is under a continuously decreasing pressure from the centre outwards and contains

itself by the principle of 'cells within a cell '. This minimises extrusion from the centre and

thus allows the use of reasonably large samples. It also ensures that the average pressure

applied on the anvils and the drop in pressure at their edges are such that extrusion of the

packing into the windows for the X-ray beams is minimised, The maximum pressure at

the centre. Pc, will be a function of the distance between the central flats. t For a cell

with 12.7 mm diameter anvils, a single 6' taper and NaCI packing. tile following empir,('1l

relationship exists between the above parameters and the applied pressure I',

P . ,, ( , , . ,

Here the pressures are in kbar and ,. in millInetres. Figure 5 shows the variation of P'.. as

a function of tc calculated using the above equation for a constant applied pressure P, of

36 kbar : this value of 1' is close to the maximum pressure wl'ich can be applied to the

anvils before fracture occurs. The improvement in performance achieved with the present
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Figure .5- Performance of the high pressure cell. The curve was calculated using
equation (8). It shows the pressure P. at the centre as a function of the anvils

separation t,. for a constant applied pressure P,, of approximately 36 kbar: (see text
for comments on (1). (2) and (3).

cell are also illustrated in Figure 3.3. The point labelled (1) was obtained using NaCI as

packing material and shows that the addition of a 20'" taper improved the performance by

aporoximately 30%. The point labelled (2) was obtained during the measurements reported

below. The packing was a mixture of 50% LiF and 50% epoxy which has a greater shear

strength than NaCI and thus further improves the performance. It also has the advantage

of lower absorption of X-rays. Drickamer was limited in his choice of packing materials as

his measurements were made optically and thus the packing had to be transparent. The

point labelled (3) was obtained during the work with synchrotron radiation presented in

Section 5.3. The much higher intensity of the radiation enabled the use of smaller samples

and thus smaller values of t,.

The central cell assembly, made up of the anvils, thei supporting cylinders and the

central ring containing the packing, was surrounded by a tight fitting jacket of maraging

steel (Figures 3 and 4). The entire cell was placed between two tungsten carbide pads with
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diameters of 2.5 cm and inside a 15 cm diameter steel jacket. The outer jacket. which had

1.5 cm thick walls, contained a 12 cm diameter hydraulic piston. Pressure was generated

manually using a oil ram, and an oil pressure of 7,000 psi (approximately 5 x 107 Pa ) was

required to produce the maximum safe applied pressure of 36 kbar on the tungsten carbide

anvils.

4.3 - Experimental Technique

The cell and its steel jacket were placed with their axis aligned with that of the

diffractometer (Figure 2). They were mounted on a steel table, the height and tilt of which

could be adjusted using three levelling screws. This provided enough degrees of freedom

to bring the plane of the small disc of sample into that determined by the X-ray source and

the Soller slits.

-4-o "
2 4 80 80 100 120 140 I'S

Energy (keV)

Figure 6 - The transmission of 15 mm of 50% LiF 50% epoxy packing.

As Figure 2 shows, both the incident and diffracted beams had to travel through

the packing and this made the use of high energy X-rays indispensable. This is clearly

illustrated in Figure 6 which shows the transmission of a disc of packing over the range
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of energies of the high voltage generator. The effect of the sample has been ignored, the

latter usually has a higher atomic number, but 1.25 mm of packing extrusion into each

X-ray window has been included. If a 60 kV generator were to have been used. Figure 6

shows that the packing would have been almost totally opaque over half its useful range of

energies. d-spacing 
(A)

. 4. ? '. ?,2. ?.0 . 1 ;.G . t . ;?.I . 9. 1'.6 . .. ,. 1.R, .O, p. 0. ,

W L ce/B (b)

' NaCI: o

STiB:I I I I I I (a) "
.0 .

01 01

C,3 -'- NaCI :v

Energy (keV)
Figure 7 - EDXRD spectra of a composite sample of TiB and NaCl. (a): 150 kV and

20 = 8' .(b): 50 kVand 20 = 24 ' (offset by 1000 counts)

Further evidence of the advantage of using high energy X-rays is provided by the

spectra shown in Figure 7. Both were obtained using the same composite sample of

TiB and NaCl. the replica of a sample used in the work presented below, but the lowe

spectrum (a) at 20 = 8" and 150 kV. while the upper specturni (b) was obtained using

the conventional operating voltage of 50 kV at 2# : 2 1". The relative d-spacing positions

were therefore preserved in the two spectra which have been normalised to the same tube

power and data collection time. The sample consisted of two discs of TiB, each 1.8 mm in

diameter and 0.5 mm thick, lying parallel to the plane of diffraction, separated by 1 mm of

hand packed NaCI and placed in the centre of 12.5 mm of LiF-epoxy packing. In the low

energy spectrum absorption was such that no peaks were obtained apart from those due to



elastic scattering of characteristic tungsten L radiation and the most energetic diffraction

peaks from the NaCI disc. These latter were helped by the low density of the salt (probably

50% of the crystal density) but hindered by its low scattering power and small Debye-Waller

factor at these values of d-spacing. In striking contrast the high energy spectrum shows

a full diffraction pattern. The 50% LiF - 50% epoxy packing material was selected for

its high shear strength (Section 4.2). low absorption and low scattering power. This last

characteristic was very important considering the geometry of the collimation used here

The effective length of the incident and diffracted beams intersection was calculated as 7.5

mm . As the sample diameter was typically 1.8 rmin. a large percentage of the intersection

was located within the packing. In order to minimise the contribution of the latter to the

final spectrum, it was thus essential to use a material with a low scattering power

The next material to be considered is the internal pressure calibrant. The latter

a material with an accurately known compressibility, must be a good scatterer of X-rays

with a simple structure. The number of overlaps between reflections from the sample and

the calibrant has to be a minimum. and thus it is advisable to choose the calibrant by

comparing its spectrum with that of the sample.

When the cell is assembled and placed on tie diffractonieter. it therefore contains

a composite sample which is a mixture of sample and calibrant. and the packing material

The spectra are therefore complicated as they are a superposition of the three diffraction

patterns of these materials. This is illustrated in Figure 8 where an imaginary spectrum

created by the addition and scaling of its three components, is compared with a teal

spectrum obtained during the measurements presented below The hiiral spectiun (earlv

indicates the need for the large dynamic range of the X-ray geierator (Section 3 1) The

prominent tungsten Kar lines from the target were unfortinatc and unavoidable hut proved

to be also useful. The low intensities diffracted by the smallest sample volumes. of the

order of 1mr 3 , required exposures of up to 12 hours. The position and width of the

tungsten lines provided an excellent means of checking the stability of the detector system

during these long exposures.
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Figure 8 -The composition of a spectrum. (a). the packing with no

sample: (b) copper, the pressure calibrant. (c) TiB. the sample on its

own; (d) simulated spectrum. the normalised sum of (a). (b) and (c).

(d) a real spectrum obtained from the packed cell at 0 kbar
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Figure 9 Energy calibration spectrum obtained from a variable energy X-ray source

4.4 - Detector Systems, Energy Calibration and Data Analysis

Two detector systems were used in the work presented here. Each consisted of

a high purity germanium planar detector, a spectroscopy amplifier and a multi channel

analyser. The detector crystals were 5 mm thick. 10 imn in diameter for the work carried

out with the high voltage generator and 13 mm thick. 16 mm in diameter for that carried out

with synchrotron radiation. The latter was custom built by EG&G ORTEC and combined

with state-of-the-art electronics. Its thickness ensured an efficiency of 100% up to 100 keV

and the electronics a linearity in energy of I part in ItO' compared to approximately 3 parts

in 104 for the other system.

Energy calibration of the detector systems were performed using a variable energy

X-ray source. Such a source uses the 60 keV -:-rays radiated by AmericiumI I to excite

characteristic X-rays from copper, rubidiur111 olyhdenu slver. barium and terbium A

typical spectrum can be seen in Figure 9.

When the resolution of the detector was not sufticent to separate the K, I - K,,.,

and K,;,., - K142 doublets of the elements with low atomic numbers, the peaks were treated

as single peaks and their energy taken as the intensity-weighted means of their various
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components. The analysis of the calibration spectra was performed using a program based

on a Gaussian fitting technique specially written for this task. The program automatically

located all the peaks corresponding to the calibration line energies and fitted the sums of

Gaussian envelopes and a sloping background to the appropriate sections of the data. The

last stage of the analysis. also included in the program, consisted of two weighted linear

least squares fits to the centroids and positions and widths and positions respectively, of

all the calibration lines. The first fit was to the equation

E =p . it c, (9)

where E is the energy of the line with position p channels. and produced the calibration

slope m and zero offset c. The second fit was to

AE' = AE,,,, ± 2.: ,-F ,,

(from expression (2)) which quantifies the intrinsic resolution A h'F) of the detector system.

and produced the two detector constants AE-,, and F (expression (3)).

After collection, all the spectra were sent from the analyser to a main frame com-

puter, in that case a DEC VAX 11/780. The program, based on an iterative least squares

fitting technique involving the linearisation of a non-linear function, was developed specifi-

cally for this work. It requires the operator to either input the first and last channel numbers

of a region containing a single peak or the approximate positions and peak intensities of

a number of peaks. The program is usually able to deconvolute peaks overlapping by up

to 70% of their width when the difference in their intensities is smaller or equal to 90'n

of that of the largest peak. For peaks with equal intensities, the overlap can increasp tn

90%. The number of iterations is controlled by a convergence criterion of 0 01°%0 which

interrupts the fitting cycles when the adjustments of all the oarameters being refined drop"

below that level. The program refines the height, width, and position of each peak. the

slope and intercept of the background and calculates the integrated intensities and all the

standard deviations. The refinement of 17 parameters. 5 peaks with 3 parameters each and

2 parameters for the sloping background, takes between 5 and 20 seconds depending on
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Figure 10 - Energy dispersive spectrum of silicon powder collected at 29 S .
The sample was prepared from NBS Standard Reference Material 640a. The spectrum was

obtained in 45 minutes at 125 kV and 5 mA using a tungsten tube The fitted envelopes are

100% Gaussian and the differences between the latter and the data are plotted in the box

below the spectrum.

the magnitudes of the overlaps. Figure 10 illustrates the results obtained in the analysis

of a silicon spectrum.

The accuracy with which the peak centroids were determined varies from less than

1 part in 104 for the three brightest reflections to 8 parts in 10
4 for the 533 reflection with

a mean value of all the relative standard deviations of .3 parts in 104. The 331 reflection is

a good example of deconvolution. It is partly made up of reflected tungsten K.,, radiation

from the target and overlaps by 80% the elastically scattered component of the line itself

yet the accuracy of the deconvolution is of 6 parts in 1I)

5 - Measurements and Results

5.1 - Compressibility Measurements and EDXRD

The effect of pressure on matter is to decrease its interatomic distances. If a poly-

crystalline sample is subjected to pressure, the change in its d-spacings can be measured

A1
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directly using X-ray diffraction. If tile pressure P is established by some independent

means, such as an internal pressure calibrant, then the compressibility of the sample can

be calculated. An important parameter relating the change in volume to pressule is the

bulk modulus at zero pressure, K,. It is the inverse of the volume compressibility at P - 0

and is therefore given by

K, A. (10)

Compressibility measurements are thus differential measurements. They are concerned with

establishing the change in the lattice spacings of the sample with pressure. In EDXRD.

as the beams geometry is fixed, this involves only the measurement of the changes in the

positions of the reflections on the energy scale. these shifts being measured with respect

to the energies of the reflections at zero pressure. The relevant equation is therefore

A d A E
~d E'i

from (1). which shows that the scattering angle does not have to be known. The only

source of errors in these measurements are therefore those associated with establishing

the energies of the reflections. The two contributions to the latter are 6ED, the contri-

bution from the linearity of the energy calibration of the detector system, and 6E.. that

of the accuracy with which the centroids of the reflections can be determined. As these

contributions are random errors, the final relative accuracy in ' is given by

6E (6~ 2 6~\2

E V E_ ) i _E(12)

With the data presented here, the value of the latter varied approximately from 8 parts in

10 for TiB inside the high pressure cell whilst working in the laboratory with the high

voltage generator and the first detector system described above and I part in InO with

TiB 2 inside the cell with synchrotron radiation and the second system.

5.2 - Measurements on TiB

The titanium boride had been made by reaction sintering without binder under high

temperature and pressure. It was found to be an extremely hard material and consequently

the samples, in the shape of slices and small discs, had to be machined using diamond

coated tools. The aims of the measurements described beiow were:
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- to characterise this new material by comparing its diffraction pattern with

that tabulated in the JCPDS file:

- to determine its compressibility and thus its bulk modulus K,,:

- to establish whether its behaviour under pressure would show any signs of

a phase change.

In all the measurements described below the calibration of the detector system and

the data analysis were performed in the manners described in Section 4.4.

5.2.1 - Characterisation of a New Material

EDXRD is intrinsically a low resolution technique which is best used for measure-

ments on materials with a reasonably high crystalline symmetry. TiB has an orthorhombic

structure with the space group Pnma - D, and it is thus impossible to measure a suffi-

ciently large number of d-spacings to characterise this material with the present technique

as both the brightness of the source of radiation and the resolution are too low. We shall

see in the next section that this technique is adequate for compressibility measurements.

but in order to measure the positions of a large number of rerections, both the resolution

and statistics have to be considerably increased. Consequently. the measurements reported

below were made with synchrotron radiation. As the experimental arrangement used for

these measurements will be described in some detail in the next section we shall only say

here that the resolution and diffracted intensities increased b, factors of approximately 2.5

and 1000 . respectively, and that the high energy radiation from the 'Wiggler' was used

The diffractometer was calibrated using the diffraction spectra obtained from "ain

ples with accurately known lattice parameters. This calibration was performed twice. Once

using a free standing sample of high quality silicon powder (NBS SRM 64 0a) and once using

a disc of copper foil inside the high pressure cell with no pressure applied. Both calibrations

were found to be in very good agreement although small variations of the scattering angle

with energy were observed in both cases. As the low symmetry of the structure of TiB

and its small scattering power did not allow quite as high an accuracy as that obtained in

measurements on samples with cubic structures. thfse small variations were ignored and
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Figure 11 -EDXRD spectrum of TiB obtained using Synchrotron Radiation. This

spectrum was collected in 45 minutes from a 1 8 HMm thick sarnple at 20 - 9'Wiggler

radiation was used and the machine parameters were 2 GeV 150 rmA arid 5 TCea/a (see

Section 5 3 1) The Gaussian envelopes were calculated using the technique described in

Section 4 4

the mean of all the values of the Bragg angle obtained from the brightest reflections in the

two spectra was used as the calibration. This mn awlue was cal ulated as

0 - .. 18 7 -0.(1)1:;

The relative error introduced by this calibral ion" inl tl( 11 'J)XSir rmlf,astrenient vio ~~i'

proximately

d/d 3.1 o lo

The measurements were made in transmission from a 1.81 mm thick slice of the

material. The spectrum is shown in Figure 11. Neither the technique used here nor the
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Table I -The (/-spacinrgs of TiB.

F d(A lPDFI d( (d)~ ~ lo, (oriiet

3 053 3 0645 13

-2 6330 11 TiB.
2 543 2 5406 1I

2 4720 11 u nkn ovyn

2 346 2 3484 10

2 161 2 1651 9

2 140 2 1394 9

2 0413 " i( (TB1 ?)

1961 95C(811

1 863 1 8649

1 7 55 1 7536

1 528 1 5294

-1 5088 7 T,9.
1 461 1 4511 8

1 362 1 3651)1
1 331 1 3(

1 310) 1 3122 3

-1 2851 t)nkn 7

1 244 1 2439
1 181 1 1819T

1 141 1 1414C
1 017 1(0112

1 008 1 00(9 1

0 949 0 94 78 6

purity of the sample were Sufficient to perf~lioi tril toof reieeit Thle alternative

was to measure the i/-spa( ings of )S marly r.6- tf, i, im -.ull .1ol ornpare them with

those given in the Powder Diffractwn File, (PW ) F li ,Pt 1(5(1ar shown iii Table 1

As the values of ild show, the agreei-ell! hlrtVif-H tllf tVPi 5 Is of Values is Within tile

present experimental error Thle aver ige nIltiv, W ax ,i xi hii v'oi if) tire data ainaliysis

was approximately

which combined with thre ontilrutiru liii i 1; f1 V1, .1 .ilutuout l l

accuracy in be/ d of approx:rinately -, trirtS i) lit; iS tile valieS )f u(1duIi)1ate

Thle ri-spacings labelled TiB.2 did niot nra!(Ii any of P 1)F values bUt agreed With)

strong reflections in the spectrum of TiRB. (see Set tion ') 3 2) Th~ose labelled unidentified

belonged to neither compound Thle presenice of Til3_ In T[is ISplausible as both compounds
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were made in a similar manner but TiI32 at a higher temperature. When other spectra were

collected from different parts of the same sample and along different orientations using

other samples with the same thickness. the relative intensities of the reflections. both TiB-
LTiB and TiB-TiB2 , were found to vary appreciably. This indicated the presence of both

preferred orientations, to be expected considering the technique used to make the material.

and an inhomogenous distribution of the two compounds. The accuracy of the present

measurements was however not sufficient to quantify these observations.

5.2.2 - The Compressibility of TiB

The measurements at high pressures. made at 20 8.5". were divided into two

sets. In the first set the sample assembly consisted of two 0.5 mm thick slices of TiB

separated by a few tenths of a millimetre of NaCI, the pressure calibrant. In the second set

a 0.45 mm thick slice of TiB was placed between two 0.1 mm foils of copper. In both cases

the diameters of the slices and foils were approximately 1.8 am. When using the larger

sample with NaCI. exposure times were of the order of I to 2 hours and the maximum

pressure attained was 35 kbar. This upper limit was caused by the disappearance of the

NaCI lines as the salt was squeezed out by the much harder TiB. The measurements made

with copper and the smaller sample required exposure times which varied from 6 to 12

hours for the highest pressures. The maximnum pressure of 80 kbar was limited in this case

by the exposure time and the availability of the generator.

Four spectra obtained during the high pressure measurements on TiB are shown in

Figure 12. With NaCl as the pressure calibrant. both the 200and 220 reflections were used

to determine the pressure. With copper. the III . 200. 220 anrd 311 reflections were used

over most of the pressure range covered. Figure 12 clearly shows that it was not possible

to extract the three lattice parameters of TiB from such spectra as only three or four

sets of reflections could be analysed. Consequently. the measurements were those of the
"average linear compressibility ' The results of these measurements are given in Table 2.

The reduced parameter is d/d,, which is the mean value obtained from the various sets of

reflections. Throughout the range of pressures from 0 to 80 kbar and within the resolution

and statistics of the present measurements, no sign of a possible phase transition were
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Figure 12 - EDXRD spectra of TiS at various pressures. The spectra at 19 25 and 35

kbar were collected in 180 minutes at 150 kV and 4 mA Those at 8 8 and 55 7 Abar were

collected in 360 minutes at 125 kV and 5 mA The scattering angle was 20 - 8.5 The

vertical lines indicate the shifts of the reflections with pressure
~E-gry (k*.V)
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Table 2 - Average compressibility data for TiB.

P(kbar) 6 P(kbar) d(1A, Af to,,d,

6.7 0.3 1.00053 2.4
14.9 0.3 0.99958 23
19.3 0.5 0.99971 2.0
20.4 0.6 0.99901 2.5
24.9 0.8 0.99774 2.3
255 0.8 0.99723 2.9
35.0 1.2 0.99602 _ - 1.6

NaCl as pressure calibrant

88 1.7 100068 1.8
220 18 0.99936 3.8
26.7 1.2 0.99776 3.7
38 3 15 099545 2 7
47.3 1.3 0.99478 3.1
55 7 1.5 099341 3.6
63.0 1.7 099165 3.1
788 1.9 0.98900 5.0

Copper as pressure calibrant

detected. As TiB was found to be not only extremely hard during machining, but relatively

incompressible as well (see below), this was not unexpected.

The compressibility data obtained are plotted in Figure 13. The effect which caused

the intercept to be larger than 1.0 was initially thought to have been due to a physical

property of the material. The latter could have caused an inhomogenous compression, which

appeared as a dilation in the direction perpendicular to the planes which d-spacings were

being measured. However. once the measurements were completed, a close inspection of the

packing throughout its thickness showed that it contained some air bubbles. This probably

introduced a 'sponge effect ' during the initial stage of the compression, which led to a

considerable uniaxial component. Such a component would cause the effect described above
in such a hard material. The slices of TiB would iin fact act as small anvils, compressing the

pressure calibrant. while dilating slightly themselves in the direction perpendicular to that

of the uniaxial component, which is that of the '!-spacings ')eing measured. As soon as all

the voids would have been squeezed out of the packing, the cell would have then behaved

as expected. As measurements on the same sample with a new packing and synchrotron

radiation showed no sign of this effect, it can be assumed that the above explanation is

reasonable.
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Figure 13 - Reduced parameter as a function of pressure for TiB. The reduced
parameter, d/d,. is the mean value calculated from the 111. 210. 102. 112. 020 and

220/410/- reflections. The straight line is the result of a least squares fit to the data.

The points indicated by diamonds were obtained using NaCI as the pressure calibrant.

Those indicated by .squares were obtained with copper.

The bulk modulus f, of a material (Section 5.1) is usually determined by refining an

EOS to its measured volume compressibility data. Considering the relative incompressibility

of TiB. the small pressure range covered and the magnitude of the error bars in Figure 12.

such an analysis is not justified here. Instead. K,, can be estimated to a good approximation

from the gradient of the straight line fitted to the data (Figure 12). If we approximate the

unit cell volume by dP. where d is the average lattice parameter from which the reduced

parameter was calculated, then we can write

d (t4,') ([3)

This expression shows that the average bulk modulus K,, is given by

Ko 3(1 (1,4)

mm



where m is the gradient of the straight line of Figure 12. Performing this calculation yields

K, = 2.03 ± 0.15 Albar,

for TiB. This value is a good approximation of A".. but may be regarded as an upper limit

since we have treated the relationship between d(d,, and P as linear.

5.3 - Measurements on TiB2

5.3.1 - Synchrotron and Wiggler Radiation

F SRS : E= 2 eV

NP 0.25 mrad

Figure 14 - Synchrotron radiation emitted by relativistic electrons travelling

in a circular orbit. B is the magnetic field perpendicular to the horizontal orbit
plane. 41 the natural collimation in the vertical plane and P the polarisation vector
The slit S defines the length of the arc. corresponding to _.O. from which the
radiation is taken.

The principle of the generation of SR is illustrated in Figure 14. When the electrons

are relativistic and the source is a storage ring dedicated to the production of radiation as

a research tool, the main properties of the radiation produced are:

- a very high spectral brilliance:

- - -l - - -
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Figure 15 - Theoretical spectra of the SRS operating at 2 GeV. Only Wiggler
radiation is suitable for use with the Drickamer-type cell as the latter transmits only 1%

of the incident radiation at 30 keV. The fast decreasing intensity of the Wiggler spectrum

with increasing energy. a factor of 10 from 30 to 70 keV and a further factor of 10 from

70 to 100 keV. is a characteristic feature of all the diffraction spectra presented below

- a natural collimation in the plane perpendicular to the electron's orbit (the

vertical plane) of the order of IO radians:

- 100% linear polarisation in the plane of the orbit.

SR is emitted in the forward direction within a very small cone tangent to the orbit.

For any point along that orbit the natural opening of the radiation fan in the horizontal

plane is given by 2VY7 1-02 where 3 is the ratio of the electron velocity to the speed of
light in vacuum. The natural collimation %P in the plane perpendicular to the orbit is defined

as the angular FWHM of the beam and is approximately given by

q with - 7

mec2 being the rest mass energy of the electron. 0,511 GeV . The natural collimation is

thus inversely proportional to the electron energy E. The United Kingdom Synchrotron

Radiation Source (SRS) has a maximum electron energy of 2 GeV which gives %P 0.25

mrad. For comparison, a typical experimental collimation used with a standard X-ray source

would be 5 mrad.

J _ - ~ - - . - _



The spectral flux of the SRS is shown in Figure 15 It is defined as the number of

photons emitted per second in a given bandwidth within 1 mradin the plane of the orbit and

integrated in the vertical plane. In the X-ray region of the spectrum. the source dimensions

of the SRS operating at 150 mA and 1 8 GeV of electron current and energy. respectively.

are 0.25 mm and 12 mm in the vertical and horizontal planes. respectively, which give an

effective source area of 3 mm' The position of the (ontinuous spectral distribution of

radiation on an energy scale is defined by the characteristic energy E, which divides tile

spectrum into two equal parts of radiated power It is given by

E'.. - 2.22 . )A. 5. .; I. (1.1I"

where R is the radius of curvature of the electron path caused by a magnetic field B. The

SRS operating at an electron energy E, of 2 GeV has a critical energy E, of 3 19 keV

with a dipole magnetic field of 1.2 Tesla The naxinuni energy at which the spectrum

cuts off is also proportional to E: 1? (or F' f). and as Figure 15 shows it is approximately

30 keV . This makes the radiation produced by a normal bending magnet unsuitable for

the high pressure work proposed here as the Drickanier-type cell described in the previous

chapter has an effective cut-off in transmission at approximately this energy (Figure 6)

However. as expression (15) indicates. the spectrum can be shifted towards higher energies

by increasing the magnetic field 1 whilst preserving the same electron energy. This is

achieved at the SRS by using a wavelength shifter, or 'Wiggler. the spectrum of which is

also shown in Figure 15. The spectral flux produced by this device still falls off sharply at

high energies. a factor of 10 between 30 and 70 keVand a further factor of 10 between 70

and 100 keV . but nevertheless produces useful intensities up to 124 keV (0.1 ')

The principle of such a device is illustrated in Figure 16 The SRS Wiggler has

a central coil which produces a field of 5 Tesla in the downwards dlirection and two outer

coils with fields of 3 Tesla in the upwards dire tion Placed on a straight section of the

orbit between two dipole magnets. it forces thp elp(tron hream to descrile a wiiggle with

a central radius of curvature of 1.3 in. The radiis of the electron orbit in the conventional

1.2 Tesla dipoles is 5.6 m.

The low cost diffractometer designed and built for the work presented here is shown

in Figure 17. Its concept is similar to that of the experimental setup described in Section
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Figure 16 - Schematic diagram of the beam geometry inside the SRS Wiggler.

4.1. but modified for use with SR. The molybdenum parallels are mounted on a rigid

stainless steel optical bench and supported kinematically in only two points which positions

were calculated to ninimise deformation under gravity Combined with appropriate cross-

section profiles, this guarantees deformations to be less than 0.2 jim The scattering

angle is set by altering the height of the end of the optical bench furthest from the cell

using a vertical screw with a pitch giving aproximately 0 15" per turn The principle of

the diffractometer is to move the beams rather than the cell. for convenience, as the cell

assembly weighs approximately 25 kg. In oder to .i.n.n..se the quantity of background

radiation reaching the detector the two sets of incident beam slits were designed to plug

into one another and all air paths were kept to a mininium. The incident beam was enclosed

in a lead box from the beam pipe window to the cell and the thick steel walls of the latter

and its jacket contained all the radiation scattered by the sample and packing

5.3.2 - The Compressibility of TiB2

The samples consisted of thin discs approximately 1 5 inin in diameter which had

been machined using diamond-coated tools as TiB2 is a very hard material. The pressure

calibrant was copper and the packing a mixture of 50% epoxy. 50% LiF (Section 4.2). The

thicknesses of the copper foils were either 50 or 100 pi and those of the slices of TiB 2

varied between 110 and 140 gim. Most of the measurements were made using a 450 pir
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Figure 18 - Energy dispersive spectr,, of TiB2 obtained with Wiggler radiation

ait 20 - 9 (' . The spectrum at 25 2 kbar was collected in 25 minutes. that at 123 5

kbar in 45 minutes. The SRS was operating at 2 GeV and a current varying from 300

to 100 mA. The pressure was calculated ftora the copper reflections. shown in black

and the peaks labelled only hkr' belong to TiB.:, The Iowiinten .ityreflections froom LiF

indicate a small contribution from the packing

thick sample assembly. The maximum pressure of 130 Obar was obtained after a reduction

of the thickness to 290 Ion. Two spectra are shown in Figure 18. Bothl the signal-to-noise

ratio and the resolution are very good. In addition. the c(,nmbination of the high energy

radiation from the Wiggler with a low Bragg angle of 4.488" ensure that useful intensities

are available up to 80 keV/. The divergences were 0.04 mrad and 0.8 mrad for the direct

and diffracted beams, respectively, and the slit separations were 0.2 mm for both beams.
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The distance between the last pre-sample and first post-sample slits was 27 cm.

TiB2 has an hexagonal structure with space group P6/nmrn - D,h. At most

pressures 8 peaks were used to determine the change in the lattice parameters a and c.

Either directly as from the 100, 110. 200 reflections for a and the 001. 002 reflections for

c. or by solving simultaneous equations for pairs of the other reflections, For an hexagonal

unit cell the relevant equations are

1 4 (h
2

+Id k 2 ) 4 -

for the d-spacing with Miller indices hkl. and

V a2csin(I20").

for the volume of the unit cell.

The first five reflections of the copper spectrum were used to determine the pressures

up to 130 kbar . The accuracy achieved in the pressure calibration, approximately 0.5%.

is certainly as good or better than that reported in the literature to date. Table 3 below

contains the results of our measurements which are illustrated in Figure 19 (a), (b) and

(c).

Table 3 - Measured compressibility data of TiB2 up to 130 kbar.

P(kbar) ± a/a,, I, V/V. . .
11.6 0.3 0 9987 09989 09963 . . 0001
25.2 0.3 09985 0 9976 0 9946 00007
47.2 0.3 0.9968 09957 09893 00010
71.1 0.4 09961 09947 09869 00017
84.0 0.4 09930 09917 09778 00014
98.8 05 09944 09922 09811 00013
116.3 0.5 0,9927 09909 09764 0.0017
123.5 0.5 09913 09887 09716 0.0021
130.4 0.4 0.9886 0.9875 0.9651 0.0011
130.5 0.5 0.9884 0.9875 - 0.9648 0.0011

a,=3.0274 ±0.0008 (,) c,,=3.228 2 10.0009 1,) V,,=25.623 ±0.012 (:.l)-J
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Figure 1g - Reduced lattice parameters and volume as a function of pressure for

TiB 2. The straight lines are the results of least squares fits and the error bars represent
standard deviations. The data plotted are: (a). a/a,: (b). c/ce: (c). V/V,.
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With a volume change of 3' , at 120 kba, (Figure 19(c)), TiB.2 is nearly as

incompressible as diamond which has a bulk modulus A'. of 4.42 Mbar That of TiB. was

determined from the slope of the linear least squares fit to the I I. versus pressure data

using the method described in Section 5.2.2. Its value was calCulated as

K, - .1.1 ot 0.25 Mbar

This value may be regarded as an upper limit as a least squares fit of a non-linear EOS

would probably have yielded a slightly lower value However, with such an incompressible

material, and considering the scatter of the data obtained so far. we would require more

points over a larger range of pressures to obtain a meainrigful quadratic. term In any case.

a new and improved value of ,, would most certainly be within the 6% standard de. ,ation

given above.

6 - Summary and Conclusion

We have combined the wide and smooth spectr um of white radiation produced by a

high voltage generator with energy dispersive diffraction and a Drickamer-type high pressure

cell and exploited the advantages of this new technique in high pressure measurements onl

TiB. High energy X-rays and energy dispersive diffraction produce

(1) highly penetrating radiation:

(2) a wide range of energies:

(3) a high sensitivity to lattice parameter changes

The first feature is required to traverse the thick disc of packing surrourdina th

sample. The second feature is indispensable to resolve the reflections from thw sripl

pressure calibrant and packing. The third feature greatly improves the accuracy of th,

compressibility measurements.

TiB is far from an ideal material to study using EDXRD and to use for testing

the high pressure technique developed here. It is a poor scatterer of X-rays with an or-

thorhombic structure and EDXRD is intrinsically a low resolution technique. Further. its

low compressibility causes small changes in its lattice parameters with pressure and thus
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lowers the accuracy of the measurements- Nevertheless. the simple experimental technique

developed here has produced a reliable value of the hulk nodulus of TiB. accurate to a few

percent. from measurements of its compressibility over the pressure range of 0 to 80 kbar

We have demonstrated that EDXRD can be combined with the high energy syn-

chrotron radiation produced by the SRS Wiggler to give an accuracy of a few parts in 10'

in (/-spacing measurements on such low symmetry niiaterials

We have also successfully combined the wide dynamic range of penetrating radi-

ation produced by the Wiggler with the Drickamier-type cell for hilgh pressure studies of

TiB 2 . The brightness of the source and the high collimation of the radiation have en-

abled us to work with a geometry guaranteeing a high signal-to-noise-ratio and spectra

free of contamination from the packing and anvils. With a relative accuracy of 2 10 1

in measurements of changes in d-spacing. we have obtained state of-the-art accuracy in

compressibility measurements up to 130 kbar.

The technique developed here also promises good results in intensity measurements

Absolute measurements have not been attempted so far as the beam geometry was not

optimised during the first visits to the SRS, but relative intensities have shown variations of

only a few percent over the range 0 to 130 kbar. These indicate that little or no preferred

orientation was introduced in the samples, and hence the existence of a nearly hydrostatic

pressure distribution.

7 - Future Work

Further work is currently in progress on all the topics discussed in this report

An EDXRD setup is being built here in King's College The present source nf \-rav

is a conventional 50 kV generator. but the purchase of a high voltage generator is heinrc

considered. Such a generator would enable us In rPploduce the Vwtelll whirich vie hav% hreu

using in Manchester with the added advantages ol conustant ]vadlabilly and mole efficient

use of our on-site ressources. Our setup will be used predomilently to study the behaviour

of our existing high pressure cells and compare the cornpressibilities of various potential

pressure calibrants. The results of this work will lead to improvements in cell design and

performance and the establishment of new secondary pressure calibrants.
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Extensive use of the SRS Wiggler is also planned for further high pressure studies.

We are currently involved in the design of a new experimental station dedicated to EDXRD

and are collaborating with other research groups to plan the high pressure side of the

experimental program. Several types of high pressure cells. including diamond anvil cells

capable of reaching 500 kbar . will soon be available to us. At first we plan to concentrate

our studies on pure titanium, titanium alloys and new titanium compounds. Measurements

on TiB and TiB2 will also be made at higher pressures than those reached so far. Later

we will include other industrially and commercially interesting materials, and hence there

is much scope for measurements and studies on any new materials available from the US

Army Research Agencies.

In parallel with our high pressure work, we have also developed the technique for

lattice parameter measurements. Energy dispersive diffraction and highly penetrating ra-

diation allow measurements to be made from thick samples using a simple transmission

geometry. This technique has a present accuracy of a few parts in 10'. but the potential

of reaching 1 part in 10'. Further. as the generator is transportable and the technique is

easy to use. it is suitable for experiments in the field as well as in the laboratory. Our

current program of studies concentrates on the measurement of residual stress in absorb-

ing materials for the US Army Material Technology Laboratories in Watertown (Contract

DAJA45-86-M-0507).

8 - Contributions to Conferences and Meetings

The technique developed for the work presented in this report was the subject of a

poster presented at the Annual Meeting of the British Crystallographic Association held at

the University of York, England. in April 1986.

The results of the study on TiB were presented as a poster at the 24th Annual

Meeting of the European High Pressure Research Group held at the University of Surrey.

Guildford. England. in July 1986.

The work carried out on T1B 2 using synchrotron radiation and the Drickamer-type

high pressure cell was the subject of a paper also presented at this meeting. but as an oral

contribution.
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The results obtained during the latest high pressure measurements on Ti. TiB and

TiB 2 using synchrotron radiation will be presented as a contributed paper at the Xlth

AIRAPT International High Pressure Conference in Kiev. USSR. in July 1987. The paper

will be published in the Conference Proceedings and will probably be an oral contribution

Further independent publication of some of the results presented in this report as

well as recent results obtained with synchrotron radiation is also planned.

9 - References

All the relevant references to the background work are given in D Hausermann's

Ph.D. thesis (see note on page 2) which describes in greater detail most of the material

reported here. Two copies of this thesis are included with the copies of this report
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